Introduction {#Sec1}
============

Chandipura virus (CHPV), belonging to family *Rhabdoviridae*, genus *vesiculovirus,* was discovered in Chandipura village, Nagpur region of India during an outbreak of febrile illness caused by dengue and chikungunya viruses in 1965 \[[@CR1]\]. Since then, it has been responsible for several outbreaks in Andhra Pradesh in 2003 \[[@CR2], [@CR3]\], Gujarat in 2004 \[[@CR4]\], Nagpur in 2007 \[[@CR5]\], and Odisha in 2009 \[[@CR6]\]. It is one of the major causes of acute encephalitis in pediatric population in India \[[@CR2]\]. Chandipura virus has a negative sense, single-strand RNA genome of size 11 kb. Genome comprises of five proteins. Glycoprotein (G) enables virus absorption, assembly, and budding and, therefore, act as major antigenic determinant., matrix protein (M) responsible for cytotoxicity in infected cells, large protein (L) forms the viral RNA-dependent RNA polymerase, thereby acts as a catalytic subunit, Nucleocapsid protein (N) wraps the viral genome, forms template for virus transcription and phospho protein (P) acts as transcriptional activator \[[@CR7]\]. Compared to other encephalitic viruses, CHPV-associated fatality occurs within 24 h of onset of illness \[[@CR2], [@CR6], [@CR8]\], leading to infrequent appearance of IgM antibodies to CHPV. Thus, the diagnosis is mainly dependent on the detection of the P gene of CHPV in viral RNA in the human clinical samples by RT-PCR \[[@CR4]\]. IgG antibodies against G protein to CHPV are a marker of immunity/recovery from CHPV infection \[[@CR9]\].

Following the entry of CHPV into the host cells, the innate immune system gets activated involving the activation of complement system, natural killer cells, neutrophils, and other granulocytes and these sentinel cells present antigens to trigger T-cell-mediated immunity \[[@CR10]\]. There are very few reports on therapeutic approach against CHPV using si-RNA \[[@CR11]\] and targeted peptide \[[@CR12]\], and on vaccine development \[[@CR9], [@CR13], [@CR14]\]; however, no vaccine or therapy is currently available for use. With no specific anti-viral treatment and vaccine against Chandipura virus, a better understanding of the host--pathogen interactions is needed to identify the key molecules/therapeutic targets that will regulate the immune response towards recovery.

The complement system is a first line of defense against pathogens including viruses. It serves to link innate and adaptive immunity through a large number of activities such as recognition of viruses, viral neutralization, recruitment and stimulation of leukocytes at the sites of infection, opsonization, and activation of T and B cells \[[@CR15]--[@CR18]\]. Complement activation plays an important role in viral pathogenesis \[[@CR19]\] and could also serve to improve the effectiveness of vaccines and therapeutic vectors \[[@CR19]\]. The complement cascade can be initiated through three main pathways (depending upon virus recognition): the classical pathway, lectin pathway, or alternative pathway \[[@CR20]\]. The classical pathway is antibody dependent and is activated upon binding of C1q to antigen antibody complex on the surface of pathogen. The lectin pathway gets activated when carbohydrate patterns on pathogen, attached to serine proteases like Mannan-binding serine proteases (MASPs) associated with mannan-binding lectin (MBL) \[[@CR21]\], ficolins \[[@CR22]\].

Alternative pathway activation occurs independent of antibodies \[[@CR18], [@CR23]\]. These three pathways converge on a central component C3, which is activated by cleavage into C3a and C3b. C3a serves as a potent anaphylatoxin to promote inflammation. C3b can bind covalently to viral components to aid in opsonization and phagocytosis. The association of C3b with components further downstream, such as C5 through C9, can lead to formation of the membrane attack complex (MAC), which is capable of lysing virus particles or infected cells \[[@CR16], [@CR24]\]. Progression of the complement cascade depends on the assembly of C3b with other cleavage products from C4, C2, and factor B to form the C3 convertase \[[@CR25]\], a protein complex which functions to amplify the signal by further cleavage of C3 molecules in feedback loop. The alternative pathway C3 convertase complex consists of C3b together with a factor B cleavage product to make C3bBb and the classical/lectin pathway C3 convertase consists of C4 and C2 cleavage products to make C4b C2a.

Available literature suggests higher levels of proinflammatory cytokines, virus specific CD4+ T-regulatory cells, and up-regulated expression of TLR 4 in mice experimentally infected with CHPV to be associated with CHPV pathogenesis \[[@CR26]--[@CR29]\]. In a similar line, Roy et al. have reported monocytes, B cells, and enhanced chemokines to support active CHPV replication in human PBMCs \[[@CR30]\]. These non-mutually exclusive processes could be responsible towards enhanced viral load and triggered "cytokine storm" resulting in disease severity. Neutralization of vesicular stomatitis virus (VSV), having similarity with CHPV in genetic makeup, follows the classical complement pathway \[[@CR31]\]. With this background, the present study investigates (a) the involvement of complement system in Chandipura virus infection and (b) the mechanisms and contributions of complement components in the in vitro neutralization of CHPV.

Materials and methods {#Sec2}
=====================

Cells and virus {#Sec3}
---------------

Vero E-6 (African green monkey kidney epithelial cells, ATCC, USA) cells were maintained and grown in Eagles minimum essential medium (Invitrogen, Carlsbad, CA) supplemented with 1.5 g sodium bicarbonate, 200 mM [l]{.smallcaps}-glutamine, 10% heat-inactivated fetal bovine serum (Gibco, USA), penicillin (100 U/ml), and streptomycin (100 ug/ml) (Invitrogen, Carlsbad, CA) at 37° with 5% CO~2~.

CHPV isolate (AP strain 034627) passaged in Vero E6 cell line was used for the present study. Virus titers were determined by TCID50 method \[[@CR32]\].

Complement reagents {#Sec4}
-------------------

Normal human serum (NHS) was collected from 10 healthy adult volunteers, to be used as a functional source of complement components in the complement-related assays. Human blood was allowed to clot at 37 °C for 1.5 h, and the serum was separated at 4 °C and then aliquoted and stored at − 80 °C until further use. For inactivation of complement system, NHS was heated at 56 °C for 30 min and used as heat-inactivated serum (HIS) \[[@CR33]\].

The involvement of classical, lectin, and alternative pathways in the virus neutralization was determined by treating NHS with 20 mM EDTA (to block all complement pathways) or with 1 mM EGTA and 2 mM MgCl~2~ (to block classical and MBL pathway) for 30 min at 37 °C. C3, C5, C8, and factor B-deficient human sera (Complement Technology, Tyler, Texas and Quidel, USA) were reconstituted with physiological concentrations of respective purified human proteins \[[@CR34]\]; C3 (1.2 mg/ml), C5 (75 µg/ml), C8 (80 µg/ml), and factor B (200 µg/ml) (Complement Technology, Tyler, Texas and Quidel, USA).

ELISA for detection of IgG anti-CHPV antibodies {#Sec5}
-----------------------------------------------

G is the spike protein that generates antibody response. Hence, G protein-based ELISA method was used to check CHPV antibodies in serum sample. Serum samples from all donors were checked for IgG anti-CHPV antibodies as described previously \[[@CR9]\]. Briefly, infected sf9 supernatants containing (rGp) of CHPV were diluted 1:10 in 50 mM carbonate buffer (pH 9.5) and were coated as 100 µl/well and kept for 2 h at 37 °C. Then, blocking solution was added and kept for 30 min at 37 °C. Following washing with wash buffer, NHS was diluted to 1:25 in blocking solution and 100 µl/well was added to wells. A 1:25 dilution of pre-immune serum served as negative control. Horseradish peroxidase conjugated goat anti-human IgG (Sigma chemicals, St Louis, MO, USA) at 1:10,000 dilution was added to each well and incubated for 30 min at 37 °C. Following the addition of tetramethylbenzidine substrate and incubation in dark for 8--10 min, reaction was stopped and absorbance was measured at 492 nm. A serum sample was considered to be reactive when optimal density (OD) was ≥ cut-off value (mean OD value for three negative controls multiplied by 3). Serum negative for IgG anti-CHPV antibodies was only included in the study.

### MTT assay {#Sec6}

Cytotoxic nature of complement present in NHS was assessed by MTT assay, a colorimetric test based on reduction of tetrazolium dye by metabolic activity of viable cells. Using three NHS (NHS 7, NHS 8 and NHS 9), MTT assay was performed on Vero E-6 cell line following the protocol followed by \[[@CR35]\]. Briefly, 2.4 × 10^4^ Vero E-6 cells were seeded in a 96 well plate at 37 °C for 24 h for monolayer formation. Following this, NHS at a dilution of 1:2 and 1:4 was added to the Vero E-6 monolayers, and cell control wells received only medium. Cells were then kept at 37 °C for 24 h after which they were subjected to MTT assay. As a result, blue formazon crystals formed in viable cells were dissolved in MTT solubilization reagent (DMSO) which were then quantified on ELISA reader (Bio-Rad, USA) at 570 nm after subtracting background reading at 650 nm. The data were represented as percentage of viable cell in the NHS-treated well and cell control wells.

Assessment of anti-CHPV role of complement system by CHPV real-time RT-PCR {#Sec7}
--------------------------------------------------------------------------

Mg and Ca-divalent ions are required for efficient complement activity, i.e., Mg for alternative pathway and Ca-divalent ions for classical and lectin pathway of complement activation \[[@CR36]\]. EGTA chelates Ca ions, necessary for the activation of classical and lectin pathways, whereas EDTA chelates both Mg and Ca ions and hence inhibits all the three pathways of complement activation. The addition of Mg divalent ions to EGTA will activate only alternative pathway of complement system. Ten CHPV non-immune NHS and their respective HIS; 20 mM EDTA pre-treated NHS7/NHS8/NHS9; 1 mM EGTA + 2 mM MgCl~2~ pre-treated NHS7/NHS8/NHS9; C3; C5; C8; and factor B-deficient human serum and deficient serum reconstituted with physiological concentrations of their respective purified human protein C3, C5, C8, and factor B. These sera were twofold diluted and then were incubated with 100TCID~50~ of CHPV for 1.5 h at 37 °C. Following this, serum + virus mixtures were inoculated on Vero E-6 monolayer grown in 24 well-tissue culture plates (100 µl/well), and control wells received only medium/virus (100 TCID 50 of CHPV). Inoculum was allowed to adsorb for 1 h at 37 °C. Supernatant was then discarded and the cells were washed and further fed with 1 ml of incomplete MEM and were incubated at 37 °C for 24 h. Supernatants and cells were harvested and stored in aliquots at − 80 °C.

A separate Vero E-6 monolayer grown in 96 well-tissue culture plates was also processed in the similar way for the titration of the virus, used in the assay. Briefly, cells were seeded for 24 h and then infected with different dilutions of CHPV. Infected cells were then kept for 24 h at 37 °C. Further supernatant was discarded; cells were washed with incomplete medium and stained with amido black.

Viral RNA was extracted from CHPV stock, 100TCID50 of CHPV, supernatants, and cells harvested after 24 h adsorption, as per the manufacturer's instructions (Qiagen viral RNA kit). Real-time one-step RT-PCR was performed using 7300 real-time PCR system (Applied Biosystems International, Foster City, CA) \[[@CR37]\].

Neutralization assay {#Sec8}
--------------------

Cytopathic effect inhibition-based neutralization assay was performed as described previously with some modifications \[[@CR33], [@CR38], [@CR39]\]. In brief, 10 CHPV non-immune NHS and their respective heat-inactivated serum; 20 mM EDTA pre-treated NHS7/NHS8/NHS9; 1 mM EGTA + 2 mM MgCl~2~ pre-treated NHS7/NHS8/NHS9; C3; C5; C8; and factor B-deficient human serum and the deficient serum reconstituted with physiological concentrations of their respective purified human proteins C3, C5, C8, and factor B were twofold serially diluted and then incubated with 100TCID50 of CHPV for 1.5 h at 37 °C. Serum + virus mixtures were inoculated on Vero E-6 monolayer grown in 96 well plate, control wells received only medium/virus (100 TCID 50 of CHPV). After incubation at 37 °C for 24 h, cells were washed with PBS and stained with amido black. Inhibition to cytotoxicity was checked by counting wells with no cytotoxicity. It was a qualitative analysis. Dilution up to which at least 50% wells showed no cytotoxicity against CHPV was the neutralization titer.

A separate Vero E-6 monolayer grown was also processed in the similar way for the titration of the virus used in the assay.

Tissue-culture-limiting dose assay (TC-LDA) to assess complement response against CHPV {#Sec9}
--------------------------------------------------------------------------------------

This method directly measures infectivity of CHPV. TC-LDA was used to assess the infectivity of CHPV by incubating with non-immune NHS7/NHS8/NHS 9/HIS7/HIS8/HIS9/NHS7/NHS8/NHS9 pre-treated with 20 mM EDTA/NHS7/NHS8/NHS9 pre-treated with 1 mM EGTA + 2 mM MgCl~2~/C3-deficient human serum/C3-reconstituted human serum. Briefly, the sera were twofold diluted and then were incubated with 100TCID~50~ of CHPV for 1.5 h at 37 °C. Following this, serum + CHPV mixtures were inoculated on Vero E-6 monolayer. Control wells received only medium/virus (100 TCID 50 of CHPV). Inoculums were allowed to adsorb on cells for 1 h at 37 °C. After this, supernatants were discarded and cells were fed with 1 ml incomplete MEM and incubated at 37 °C for 24 h. The cells were then harvested and transferred to FACS tubes to perform TC-LDA \[[@CR40]\]. Briefly, harvested cells were fixed, and made permeable with cytofix and cytoperm solution (BD Biosciences, USA). Followed by this probing of harvested cells was done with polyclonal purified anti-CHPV IgG antibody raised in mice (1024 reciprocal neutralization titer,) at 4 °C for 1 h. Cells were then washed three times with perm wash buffer followed by addition of donkey anti-mouse IgG Alexa flour 680 (e-Biosciences, USA) and incubated at 4 °C for 30 min. Cells were then washed, resuspended in 2% paraformaldehyde, acquired on FACS Aria II flow cytometer and analyzed using FACS Diva software (BD Biosciences, USA). Cells were gated according to forward and side scatter and at least 10,000 gated events were acquired for assessing cells having antibody conjugated to CHPV-infected cells.

A separate Vero E-6 monolayer grown in 96 well tissue culture plates was also processed in the similar way for the titration of the virus used in the assay in a similar way as that of neutralization assay described previously.

Confirmation of anti-CHPV role of alternative pathway of complement activation by western blot {#Sec10}
----------------------------------------------------------------------------------------------

Activation of factor B by CHPV was assessed by western blot \[[@CR41]\]. Briefly, CHPV (7.5 × 10^3^ genome copies) was diluted twofold, and incubated with CHPV non-immune NHS7 (1:10) for 1.5 h at 37 °C. NHS 7 incubated with zymosan (3 µg/µl), was taken as a positive control. The samples were assessed on a 10% SDS-PAGE gel and confirmed by western blotting using mouse monoclonal factor B antibody (Santacruz Biotech, USA) (1:800 dilution), followed by the addition of anti-mouse IgG horseradish peroxidase (Bio-Rad, USA). Blots were visualized by enhanced chemiluminescence (Pierce Chemicals, USA).

Statistical analysis {#Sec11}
--------------------

Viral loads were log-transformed for improvement of normality. Statistics for viral copies from real-time PCR data were done on logarithmic scale and represented the same on *Y*-axis in graphs. Viral copies obtained from real-time RT-PCR and percentage of population obtained from TC-LDA method were expressed as mean ± standard deviation. Statistics were performed on three independent experiments (*n* = 3) for all assays. The statistical significance was determined by unpaired student *t* test for comparison was among two groups as well as by ANOVA with Tukey's post hoc test when comparison was among multiple groups, using Graphpad prism 5 software. A *p* ≤ 0.05 was considered to be significant.

Results {#Sec12}
=======

Based on the consensus results obtained using different dilutions of 10 CHPV non-immune NHS and respective HIS, 1:4 dilution was decided to be the optimum dilution for both NHS and HIS to be used in all assays. 100 TCID50 of CHPV used for infection worked well at the above mentioned sera dilution. NHS 7 was used as a reference in all assays done with deficient/reconstituted human serum. EGTA/EDTA experiments were done with individual use of NHS7, NHS8, and NHS9.

Effect of treatment of NHS on the proliferation of Vero E-6 cells (MTT assay) {#Sec13}
-----------------------------------------------------------------------------

Three NHS at dilutions 1:2 and 1:4 did not exhibit any significant change in the proliferation of Vero E-6 cells (Fig. [1](#Fig1){ref-type="fig"}) (*p* = 0.42).Fig. 1Cytotoxicity assay of NHS Effect of normal human sera treatment on survival of Vero E-6 cells was assessed by MTT cytotoxicity assay. NHS was used at dilutions 1:2 and 1:4. For each serum, 3 independent experiments were performed

Putative role of complement in Chandipura virus infection {#Sec14}
---------------------------------------------------------

### Complement-mediated in vitro neutralization of CHPV {#Sec15}

Human sera from 10 donors, negative for anti-CHPV antibodies, were assessed for the ability to neutralize CHPV. NHS from donor no. 8 showed the highest reciprocal neutralization titer (reciprocal neutralization titre, 16), whereas donor no 4 serum was ineffective to neutralize CHPV. Sera 1, 3, 5, 6,9,10 showed average neutralization activity. HIS from none of 10 donors were able to neutralize CHPV (Table [1](#Tab1){ref-type="table"}i, ii). Neutralization activity of CHPV naïve human serum could be attributed to complement activation, as their counterpart HIS were not able to neutralize CHPV.Table 1Complement mediated in vitro neutralization of CHPV(i) SeraReciprocal neutralization titerTCID50 of CHPV used in assayNHS187NHS247NHS387NHS4Not able to neutralize7NHS587NHS687NHS747NHS8167NHS987NHS1087(ii) SeraReciprocal neutralization titerTCID50 of CHPV used in assayHIS1Not able to neutralize7HIS2Not able to neutralize7HIS3Not able to neutralize7HIS4Not able to neutralize7HIS5Not able to neutralize7HIS6Not able to neutralize7HIS7Not able to neutralize7HIS8Not able to neutralize7HIS9Not able to neutralize7HIS10Not able to neutralize7

### Efficiency of NHS in reducing CHPV replication in vitro {#Sec16}

Infectivity of CHPV post-incubation with CHPV non-immune NHS/HIS was assessed by real-time RT-PCR. Overall, (*p* \< 0.0001), NHS could high significantly suppress CHPV copies by 5 log10 (*p* = \*\*\*) in "NHS + CHPV" group compared to CHPV only group, whereas virus copies were comparable in "HIS + CHPV" and CHPV only groups (*p* = NS). The reduction in the CHPV copies was by 3 log10 (*p* = \*\*\*) when "NHS + CHPV" group was compared with "HIS + CHPV" group (Fig. [2](#Fig2){ref-type="fig"}a). At individual serum level (except for one serum), NHS could effectively suppress CHPV copies by 1--6 log10 in "NHS + CHPV" group compared to CHPV only group and by 1--6 log10 in "HIS + CHPV" group (Fig. [2](#Fig2){ref-type="fig"}b). CHPV viral load per well was determined by absolute quantification using standard curve method. In brief, a standard curve was generated by the amplification of serial dilutions of in vitro transcribed CHPV RNA (10^8^ to 10^2^ serial dilutions), followed by comparison of test sample with the standard curve and subsequent extrapolation. Viral loads were expressed as RNA copies per well. Detection limit of real-time PCR was 10 copies per reaction.Fig. 2**a**, **b** Efficiency of normal human sera (NHS) in reducing CHPV replication in vitro: individual serumwise representation: Vero E-6 cells were seeded in 6 well plate and infected with non-immune NHS/heat-inactivated human sera "(HIS) + CHPV" or "CHPV" only. Total RNA was extracted after 24 h PI. CHPV RNA was quantitated by real-time RT-PCR. "NHS + CHPV" group shows significant inhibition in CHPV replication compared to mentioned groups. Results represent mean of three independent experiments with error bar representing standard deviations. Values are given as mean log 10 CHPV RNA copies/well. Statistical significance was determined by ANOVA Tukeys post hoc test in **a** and by unpaired student *t* test in **b**. Standard bars represent standard deviation. **c** Measurement of infectious CHPV by TC-LDA. (i) gating strategy Vero E-6 cells were gated based on forward, side scattering. A minimum of 10,000 gated events was acquired for assessing cells having antibody conjugated to CHPV-infected cells. (A) Unstained uninfected Vero E-6 cells for setting, (B) only secondary antibody stained vero E-6 cells. (ii) Representative flowcytometry histogram showing results of stained uninfected Vero E-6; CHPV-infected Vero E-6; NHS7 + CHPV; HIS7 + CHPV (100 TCID 50, 24 hpi). Vero E-6 cells were infected with NHS7 + CHPV; HIS7 + CHPV; CHPV only (100 TCID 50, 24 hpi). Cells were then fixed, permeabilized, and probedwith mouse polyclonal purified anti-CHPV antibody followed by anti-mouse Alexa Flour 680 and acquired in the APC channel of flow cytometer. CHPV-positive cells were gated in the P3 region, set on the basis of CHPV and cell controls in the assay. **d** Measurement of infectious CHPV by TC-LDA --NHS group shows substantial decrease in CHPV-positive cells percentage compared to other groups. Results represent mean of three independent experiments with error bar representing standard deviations. Values are given as mean ± SD of CHPV-positive cell percent of parent population. Statistical significance was determined by student unpaired*t* test

Measurement of infectious CHPV by TC-LDA {#Sec17}
----------------------------------------

A decrease of 18.35% in CHPV-positive cell percentage in "NHS7/NHS8/NHS9 +CHPV" group compared to CHPV only group (*p* = 0.05) was observed. A decrease of 23.08% in CHPV-positive cell percentage in "NHS7/NHS8/NHS9 +CHPV" group compared to "HIS7/HIS8/HIS9 +CHPV" group (*p* = 0.0103) was observed. However, the percentages of CHPV-positive infected cell in "HIS7/HIS8/HIS9 +CHPV" and CHPV only groups were comparable (*p* = NS) (Fig. [2](#Fig2){ref-type="fig"}c, d).

C3 plays a significant role in CHPV neutralization, replication and infectivity {#Sec18}
-------------------------------------------------------------------------------

### Neutralization assay of C3 deficient and reconstituted human serum {#Sec19}

C3-deficient serum was not able to neutralize CHPV, whereas C3 reconstituted serum showed a reciprocal neutralization titer of 4 (Table [2](#Tab2){ref-type="table"}). Complement 3 deficient human serum upon reconstitution gives reciprocal neutralization titer against CHPV the same as NHS.Table 2Reciprocal neutralization titer for deficient/reconstituted human serumDeficient/reconstituted human serumDeficient reciprocal neutralization titerReconstituted reciprocal neutralization titerTCID 50C3Not able to neutralize47Factor B487C5Not able to neutralize47C8487

### Effect of C3 deficient and reconstituted human serum on CHPV replication {#Sec20}

Infectivity of CHPV incubated with C3 deficient human serum/C3 reconstituted human serum was assessed by infection followed by real-time PCR. C3-reconstituted human serum incubated with CHPV suppressed CHPV copies by 2 log10 (*p* value = 0.005) compared to C3 deficient human serum (Fig. [3](#Fig3){ref-type="fig"}a).Fig. 3**a** Effect of C3 deficient and reconstituted human serum on CHPV replication Vero E-6 cells were infected with "C3 deficient/reconstituted human serum/NHS7 + CHPV" (100 TCID 50). Viral RNA was extracted 24 h PI and was detected by measuring P gene RNA copies by real-time RT-PCR. "C3 reconstituted + CHPV" shows drastic inhibition in CHPV replication compared to other groups. Statistics were performed on 3 independent experiments. Values are given as mean log 10 CHPV RNA copies/well. Standard bars represent standard deviation. Statistical significance was determined by unpaired student *t* test. **b** Effect of C3 deficient and reconstituted human serum on CHPV infectivity by TC-LDA. Vero E-6 cells were infected with "C3 deficient/C3 reconstituted serum +CHPV" or "NHS7 + CHPV" (100 TCID 50, 24 h post-infection). Cells were then fixed, permeabilized, and stained with mouse polyclonal purified anti-CHPV antibody followed by the addition of anti-mouse Alexa Flour 680. C3 reconstituted serum shows a significant decrease in CHPV-positive cells percentage compared to other groups. Statistics were performed on three independent experiments. Values are given as mean ± SD of CHPV-positive cell percent of parent population. Statistical significance was determined by student unpaired *t* test

### Effect of C3 deficient and reconstituted human serum on CHPV infectivity by TC-LDA {#Sec21}

A significant decrease of 16.8% (*p* = 0.009) in CHPV-positive cell percentage in "C3 reconstituted human serum +CHPV" group compared to "C3 deficient human serum + CHPV" group was observed (Fig. [3](#Fig3){ref-type="fig"}b).

Alternative pathway of complement activation is involved in CHPV neutralization {#Sec22}
-------------------------------------------------------------------------------

To assess which pathway was involved in CHPV neutralization, non-immune NHS was needed to be pre-treated with EGTA + MgCl~2~ and EDTA. For this concentration of EGTA, MgCl~2~ and EDTA were optimized to get the concentrations at which they had no effect on CHPV activity. It was found that the treatment of 1 mM EGTA + 2 mM MgCl~2~ and 20 mM EDTA with CHPV showed clear cytopathic effect (CPE) in accordance with R.M. Dez Prez et al. \[[@CR36]\]. Henceforth, NHS7/NHS8/NHS9 were pre-treated with 1 mM EGTA + 2 mM MgCl~2~/20 mM EDTA and incubated with 100 TCID 50 CHPV. Infectivity was assessed by neutralization assay, real-time RT-PCR, and TC-LDA methods.

### Neutralizing ability of EDTA/EGTA pre-treated NHS {#Sec23}

NHS with 20 mM EDTA failed to show protection, whereas NHS with 1 mM EGTA + 2 mM MgCl~2~ showed a reciprocal neutralization titers of 4--8 when done with 3 individual NHS (NHS7, NHS8, and NHS9) (*p* = 0.035) suggesting possible involvement of alternative pathway in CHPV neutralization (Fig. [4](#Fig4){ref-type="fig"}a).Fig. 4**a** Neutralizing ability of EDTA/EGTA on pre-treated NHS. 100 TCID 50 of CHPV was incubated with 3 individual CHPV non-immune NHS7,8,9 either pre-treated with (**a**) EGTA and MgCl~2~ to inactivate classical and lectin pathways or with (**b**) EDTA to inactivate all the three complement pathways. Viral infectivity was measured by neutralization test on Vero E-6 cells. Results represent mean of three independent experiments with error bar representing standard deviations. Statistical significance was determined by student unpaired *t* test. **b** Effect of EGTA/EDTA pretreatment on CHPV copies by real-time RT-PCR. Vero E-6 cells were infected with CHPV non-immune NHS7/NHS8/NHS9 pre-treated either with EGTA and MgCl~2~ or with EDTA then incubated with CHPV (100 TCID 50). Viral RNA was extracted 24 h post-infection. CHPV RNA was detected by measuring P gene RNA copies by real-time PCR. "NHS7/NHS8/NHS9 pre-treated with EGTA and MgCl~2~ + CHPV" shows significant decrease in CHPV copies compared to other groups. Statistics were performed on three independent experiments. Values are given as mean log 10CHPV RNA copies/well. Standard bars represent standard deviation. Statistical significance was determined by ANOVA withTukeys post hoc testt. **c** Effect of EGTA/EDTA pretreatment on CHPV infectivity by TC-LDA. Vero E-6 cells were infected with CHPV non-immune NHS7/NHS8/NHS9 alone/pre-treated either with "EGTA and MgCl~2~" or with "EDTA then incubated with CHPV" (100 TCID 50). Cells were harvested 24 h post-infection, fixed, permeabilized, and probedwith mouse polyclonal purified anti-CHPV antibody followed by anti-mouse Alexa Flour 680. NHS7/NHS8/NHS9 pre-treated with EGTA and MgCl~2~ shows significant decrease in CHPV-positive cells percentage compared to other groups. Statistics were performed on three independent experiments. Values are given as mean ± SD of CHPV-positive cell percent of parent population. Statistical significance was determined by student unpaired *t* test

### Effect of EGTA/EDTA pretreatment on CHPV copies by real-time RT-PCR {#Sec24}

Overall (*p* = 0.0017) CHPV copies decreased by 2 log 10 (*p* = \*7) in "NHS7/NHS8/NHS9 + 1 mM EGTA + 2 mM MgCl~2~ + CHPV" group compared to "NHS7/NS8/NHS9 + 20 mM EDTA + CHPV" group. Three log 10 (*p* = \*\*) decrease in CHPV copies in "NHS7/NHS8/NHS9 pre-treated with 1 mM EGTA + 2 mM MgCl~2~ + CHPV" group was observed compared to CHPV only group. CHPV copies were comparable in "NHS7/NHS8/NHS9 pre-treated with 20 mM EDTA + CHPV" and CHPV only groups (Fig. [4](#Fig4){ref-type="fig"}b).

### Effect of EGTA/EDTA pretreatment on CHPV infectivity by TC-LDA {#Sec25}

A decrease of 27.93% (*p* = 0.0017) of CHPV-positive cell percentage in "NHS7/NHS8/NHS9 pre-treated with 1 mM EGTA + 2 mM MgCl~2~ incubated with CHPV" group compared to CHPV only group was observed. A decrease of 11.97% (*p* = 0.0442) of CHPV-positive cell percentage in "NHS7/NHS8/NHS9 pre-treated with 1 mM EGTA + 2 mM MgCl~2~ incubated with CHPV" group compared to "NHS7/NHS8/NHS9 pre-treated with 20 mM EDTA incubated with CHPV" group was observed. Difference (15.97%) in CHPV-positive cell percentage in "NHS7/NHS8/NHS9 pre-treated with 20 mM EDTA incubated with CHPV" group and CHPV only group was non-significant (*p* = 0.08) (Fig. [4](#Fig4){ref-type="fig"}c).

Confirmation of alternative pathway involvement in CHPV neutralization {#Sec26}
----------------------------------------------------------------------

To confirm the alternative complement activation pathway participation in CHPV, infectivity of CHPV incubated with human factor B-deficient serum was compared with CHPV incubated with human reconstituted factor B serum. Infectivity was assessed by neutralization assay, real-time PCR, and western blot.

### Neutralization ability of factor B-deficient and reconstituted human serum with CHPV {#Sec27}

Vero E-6 cells infected with "factor B-deficient serum + CHPV" group showed a reciprocal neutralization titer of 4, whereas "factor B reconstituted serum + CHPV" group showed a reciprocal neutralization titer of 8 (Table [2](#Tab2){ref-type="table"}).

Effect of factor B-deficient and reconstituted human serum on CHPV replication {#Sec28}
------------------------------------------------------------------------------

Difference was 1 log 10 (*p* = 0.0458) when "factor B reconstituted human serum + CHPV" group was compared with "factor B-deficient +CHPV" group (Fig. [5](#Fig5){ref-type="fig"}a).Fig. 5**a** Effect of factor B-deficient/reconstituted human serum on CHPV replication. Vero E-6 cells were infected with factor B-deficient/reconstituted human serum/NHS7 + CHPV (100 TCID 50), viral RNA was extracted 24 h post-infection. CHPV RNA was detected by measuring P gene RNA copies by real-time RT-PCR. Factor B reconstituted + CHPV shows suppression in CHPV replication compared to factor B-deficient + CHPV group. Values given in figure are mean log 10 CHPV RNA copies/well. Statistics were performed on three independent experiments. Standard bars represent standard deviation. Statistical significance was determined by unpaired student *t* test. **b** Western blot confirms that complement activation proceeds through alternative pathway via factor B. NHS7 (1:10 dilution) was incubated for 1.5 h with medium only/zymosan (positive control)/with 7.5 × 10^3^ copies of CHPV. Samples were then assayed for the presence of the factor B (100 KDa) and its cleavage product Bb (37 KDa) by performing western blot

Confirmation of alternative pathway via factor B by western blot {#Sec29}
----------------------------------------------------------------

Expression of factor B cleaved product Ba (37 kDa) was observed in NHS7 incubated with 7.5 × 10^3^ copies of CHPV for 1.5 h, and this showed alternative pathway of complement activation. In NHS 7, only, i.e., in the absence of incubation with CHPV, factor B cleaved product (37 kDa) was absent, while the highest expression of cleaved factor B (37 kDa) was observed in the positive control (Fig. [5](#Fig5){ref-type="fig"}b).

CHPV in vitro neutralization is C5 dependent and C8 is partly involved {#Sec30}
----------------------------------------------------------------------

Role of C5 and C8, key molecules for MAC formation, was examined using C5, C8-deficient human serum and C5, C8-deficient human serum reconstituted with their respective proteins, and incubated with 100 TCID 50 of CHPV. The infectivity was assessed by neutralization assay and real-time RT-PCR assay.

Neutralizing role of C5 and C8 {#Sec31}
------------------------------

C5-deficient serum failed to neutralize CHPV, whereas C5 reconstituted human serum showed a reciprocal neutralization titer of 4. C8 deficient serum showed a reciprocal neutralization titer of 4, whereas C8 reconstituted human serum showed a reciprocal neutralization titer of 8 (Table [2](#Tab2){ref-type="table"}).

### Effect of C5 and C8 deficient/reconstituted sera on CHPV replication {#Sec32}

#### C5 deficient/reconstituted sera {#Sec33}

CHPV copies decreased by 1 log 10 (*p* = 0.0065) in "C5 reconstituted human serum + CHPV" group compared to "C5 deficient human serum + CHPV" group (Fig. [6](#Fig6){ref-type="fig"}a).Fig. 6**a** Effect of C5 deficient/reconstituted sera on CHPV replication. Vero E-6 cells were infected with C5 deficient/reconstituted human serum/NHS7 + CHPV (100 TCID 50). Viral RNA was extracted 24 h post-infection. CHPV RNA was detected by measuring P gene RNA copies by real-time RT-PCR. "C5 reconstituted + CHPV" shows drastic inhibition in CHPV replication compared to "C5 deficient + CHPV" group. Values are given as mean log 10 CHPV RNA copies/well. Statistics were performed on three independent experiments. Standard bars represent standard deviation. Statistical significance was determined by unpaired student *t* test. **b** Effect of C8 deficient/reconstituted sera on CHPV replication. Vero E-6 cells were infected with C8 deficient/reconstituted human serum/NHS7 + CHPV (100 TCID 50). Viral RNA was extracted 24 h post-infection. CHPV RNA was detected by measuring P gene RNA copies by real-time RT-PCR. No significant difference was observed among all the groups studied. Statistics were performed on three independent experiments. Values are given as mean log 10 CHPV RNA copies/well. Standard bars represent standard deviation. Statistical significance was determined by unpaired student *t* test

#### C8 deficient/reconstituted sera {#Sec34}

CHPV copies decreased by \< 1 log 10 and was statistically non-significant (*p* = NS) in "C8 reconstituted human serum +CHPV" group compared to "C8 deficient human serum + CHPV" group (Fig. [6](#Fig6){ref-type="fig"}b).

Discussion {#Sec35}
==========

Complement system plays an important role in the neutralization of a large number of RNA/DNA viruses. Although complement activation partly inhibits infection of vesicular stomatitis virus (VSV) a virus having similarity in genetical make up with CHPV \[[@CR42]--[@CR44]\], the protective/pathogenic role of complement system in CHPV infection remains unexplored. Here, we have determined the extent and mechanisms by which complement system contributes to the neutralization of CHPV in vitro.

Shuang Hu group, while exploring alternative options for vectors for gene delivery, reported that a pseudotype lentiviral vector containing plasmid of amplified CHPV G gene showed some level of neutralization by human sera and compared the complement sensitivity of the VSV G protein to the glycoproteins of Chandipura virus and Piry virus \[[@CR45]\]. Here, our data indicated that 9 out of 10 NHS (at 1:4 dilution) showed neutralizing activity against CHPV with reciprocal neutralization titres ranging from 2 to 16 and 7 out of 10 counterparts HIS did not neutralize CHPV at any dilutions (Table [1](#Tab1){ref-type="table"}), suggesting that the observed neutralization could be complement mediated as reported in VSV infection \[[@CR46]\]. The observation was further supported by (1) real-time RT-PCR assay showing suppression of CHPV copies by 1 log10 in "NHS + CHPV" group compared to both CHPV only and "HIS + CHPV" groups (Fig. [2](#Fig2){ref-type="fig"}a, b). However, factors like antimicrobial peptides present in the serum could be attributed to the observed neutralization of CHPV for HIS1, HIS3 and to some extent for HIS10 (Fig. [2](#Fig2){ref-type="fig"}b) compared to their respective virus controls. Besides, in a biological system, all individuals may not behave in a similar manner in response to a pathogen. (2) Flow cytometry-based TC-LDA assay showed decrease of 18.25% and 23.08% in "NHS7/NHS8/NHS9 + CHPV"-positive cells compared to CHPV only and "HIS7/HIS8/HIS9 + CHPV" groups (Fig. [2](#Fig2){ref-type="fig"}d), thus establishing the activation of complement system.

Since all the three complement pathways converge to activate C3, the central molecule of the complement cascade \[[@CR47], [@CR48]\], we assessed the activation of C3 by real-time PCR, neutralization assay, and flow cytometry-based TC-LDA. Our data showed a strong C3 dependence for the CHPV neutralization, with C3-deficient human serum having no effect on virus infectivity, while reconstitution with physiological concentrations of C3 restored neutralizing capacity with a reciprocal titre of 4 (Table [2](#Tab2){ref-type="table"}). Real-time PCR supported this with a suppression of CHPV copies by 2 log10 in "C3 reconstituted human serum + CHPV" group compared to "C3 deficient human serum + CHPV" group (Fig. [3](#Fig3){ref-type="fig"}a), and TC-LDA assay yielded parallel observations showing decrease of 16.8% CHPV-positive cells in "C3 reconstituted human serum + CHPV" compared to "C3 deficient human serum + CHPV" (Fig. [3](#Fig3){ref-type="fig"}b). In a similar fashion, Johnson et al. have reported a strong C3 dependence for the inactivation of Simian Virus 5 and Mumps virus showing no effect of C3-depleted serum on virus infectivity, while reconstitution with physiological concentrations of C3 fully restored the neutralizing capacity to C3-depleted serum \[[@CR33]\].

Ca2+ is required for the activation of the classical and lectin pathways and Mg2+ is required for the activation of alternative pathway. Since EDTA chelates both Ca2+ and Mg2+ ions, hence, it inhibits all the three pathways \[[@CR25]\], whereas EGTA chelates Ca2+ ions, has lower affinity for Mg2+ ions, and thus inhibits classical and lectin pathways, but does not affect the alternative pathway. The pleiotropic effects of EGTA, MgCl~2,~ and EDTA on the function of various pathways/proteins were ruled out using optimized concentrations, where by themselves they had no effect on the virus. Moreover, the concentrations of the chelators and Mg2+ ions used in the current study were much lower than the related published report \[[@CR36]\], where the authors had checked the pleiotropic effects of chelators on the integrity of host cells as well as the complement system.

Pretreatment of NHS7/8/9 with 20 mM EDTA failed to show complement-mediated CHPV neutralization, whereas NHS7/8/9 pre-treated with 1 mM EGTA + 2 mM MgCl~2~ showed a reciprocal neutralization titre of 4 (Fig. [4](#Fig4){ref-type="fig"}a), hereby suggesting the participation of alternative pathway. Similar results showing decrease in CHPV copies by 2 log10 in "NHS7/8/9 pre-treated with EGTA + MgCl~2~" group compared to "NHS7/8/9 pre-treated with EDTA" group as assessed by real-time PCR further confirmed that the observed neutralization is through the alternative pathway of the complement system (Fig. [4](#Fig4){ref-type="fig"}b). Flow cytometry-based TC-LDA also supported this observation (Fig. [4](#Fig4){ref-type="fig"}c).).

The alternative pathway is activated by recognizing the foreign pathogens with factor B, factor D, and properdin to form C3 convertase (C3BbP) which cleaves C3 to form C3b \[[@CR49]\]. The binding of factor B to C3b is Mg2+ dependent \[[@CR50]\] and results in the cleavage of factor B into Ba and Bb. Bb combine to the hydrolyzed form of C3 to form C3 (H2O) Bb. Therefore, a constant level of C3b remains in human plasma during this process of self-defense and no pathogen recognition molecule participates in this pathway, and this phenomenon is known as "tick-over" \[[@CR51]--[@CR53]\]. The role and mechanisms of alternative pathway involvement were further explored using in vitro studies, where factor B-deficient human serum showed reciprocal neutralization titre of 4 that was amplified to 8 upon reconstitution with factor B. Reciprocal neutralization titre of 4 in factor B-deficient human serum could very well be attributed to an amplification loop/"tick-over" mechanism. Through the "Tick-over "mechanism, a steady level of C3b remains in human plasma even when pathogen is absent \[[@CR51]--[@CR53]\] and this leads to vigorous activation of alternative pathway upon pathogen recognition \[[@CR54], [@CR55]\]. Similar disparities have been reported in collagen antibody-induced arthritis involving in vivo and in vitro studies \[[@CR56]\].

Binding of C3b-to-C3 convertase generates C5 convertase, which cleaves C5 into C5a and C5b. C5b initiates the assembly of the MAC by interacting with the downstream molecules on the membrane of the pathogen \[[@CR57]\]. C5 can also directly contribute to virus neutralization \[[@CR44], [@CR58]\]. Since C8 is also one of the major constituents of the MAC, the effect of C5 and C8 depletion on CHPV neutralization and infectivity was examined. C5-depleted serum failed to exhibit any neutralizing activity against CHPV, but the same was restored when the physiological concentration of C5 was the same as NHS. Parallel evidence of decrease in CHPV infectivity (by real-time PCR) in reconstituted C5 suggested C5 as an essential factor for the in vitro neutralization of CHPV. C8-depleted serum by itself was capable of neutralizing CHPV (4 reciprocal neutralization titer), reconstituting C8 resulted in more effective in vitro neutralization of CHPV (8 reciprocal neutralizing titer) indicating that C8 is not essential for in vitro neutralization of CHPV. However, C8 enhanced neutralization of CHPV at low concentrations of serum (8 reciprocal neutralizing titer).

In a pilot experiment in human-derived cells line involving NHS and HIS, CHPV displayed similar results in neutralization and in virus replication, indicating that complement activation is dependent on the viral component rather than on the producer cell line.

Several studies have reported that C3 activation results in virion lysis through MAC formation \[[@CR59]--[@CR61]\], virion aggregation, opsonization and through activation product deposition on virus particle \[[@CR62]\]. Initial studies on VSV have shown that C3b deposition on VSV hinders its attachment to host cell, thereby leading to virus neutralization \[[@CR63]\]. Johnson et al. have reported that C3 upon activation by paramyxoviruses, mumps virus and simian virus gets aggravated and deposited on virion which leads to viral lysis \[[@CR33]\]. Though C5 is the initiator of MAC formation, it can also directly participate in virus neutralization \[[@CR44], [@CR58]\]. In a similar line, C5 involvement but non-involvement of C8 and C9 in the CHPV neutralization of the current study probably denies MAC formation.

In our studies, C5 had a major effect and was found to be essential towards in vitro neutralization of CHPV, whereas C8 had a minor effect and was not an essential factor as evident from the real-time PCR data.

Taken together, our results indicate that the protective involvement of alternative pathway of complement activation towards in vitro neutralization and suppression of infectivity in Chandipura virus infection is primarily C3 and C5 mediated.
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